A physically-based simulation model f o r a sonar navigation s y s t e m i s d e s c r i b e d , i n which t h e r e f l e c t i n g e l e m e n t s c o n s i s t o f w a l l s , c o r n e r s and edges arranged i n a floor plan. When t h e transducer is o p e r a t i n g i n t h e p u l s e l e c h o mode, e a c h e l e m e n t t h a t f a l l s i n t h e t r a n s d u c e r f i e l d -o f -v i e w c o n t r i b u t e s t o t h e r e f l e c t e d s i g n a l through i t s impulse response.
INTRODUCTION
Acoustic sensors provide an inexpensive means f o r determining the proximity of o b j e c t s and a r e commonly used for implementing sonar systems for mobile robot navigation t1.2.31. One common implementation i s the system, which has been inexpensively packaged by t h e Polaroid Corporation [ 
41.
An important consideration involving current sonar systems i s t h a t t h e observed waveforms are complex and r e q u i r e some assumptions to be i n t e r p r e t e d . One set of such assumptions may be a s f o l l o w s : 1) i f a TOF reading i s produced, then an object must l i e a l o n g t h e transducer line-of-sight at that range, and 2) if a n o b j e c t i s present along the transducer line-ofs i g h t . t h e n a TOF reading w i l l be produced.
W e i l l u s t r a t e i n t h i s p a p e r t h a t t h e v a l i d i t y o f these assumptions i s r e a s o n a b l e i n some cases but, more o f t e n , t h e y a r e i n a p p r o p r i a t e .
The consequences i n t h e l a t t e r c a s e i n c l u d e t h e p r e s e n c e o f a r t i f a c t s i n s o n a r maps and the absence of a c t u a l o b s t a c l e s i n r o b o t n a v i g a t i o n a p p l i c a t i o n s .
CH2413-3/87/0000/1916$01.00 0 1987 IEEE To provide a better understanding of sonar ranging, we implemented a simulation model t h a t i s based on the physical principles of sound propagation. Such a model has three important a p p l i c a t i o n s . First, t h e model s h o u l d a s s i s t i n the interpretation of observed TOF readings, l e a d i n g t o improved sonar maps. Second, by i l l u s t r a t i n g t h e v a r i o u s f a c t o r s t h a t c o n t r i b u t e to the observed sonar signal, insights can be obtained toward achieving a more a c c u r a t e s o l u t i o n t o t h e i n v e r s e problem, than that offered by t h e TOF implementation. The t h i r d a p p l i c a t i o n i s t h a t t h i s model may prove useful f o r developing navigation concepts without the need for much tedious experimentation with robot hardware.
I n t h e n e x t s e c t i o n ,
we review the principles o f TOF ranging systems. In section 3, a s i m p l e p h y s i c a l i n t e r p r e t a t i o n f o r t h e r e f l e c t i o n p r o c e s s from smooth s u r f a c e s i s p r e s e n t e d a n d a p p l i e d t o t h e r e f l e c t i o n s f r o m walls, corners and edges. In s e c t i o n 4, we d e s c r i b e a n e f f i c i e n t p r o c e d u r e t o r e p r e s e n t t h e s e e l e m e n t s i n a floor plan. Simulated sonar maps a r e compared t o a c t u a l d a t a i n s e c t i o n 5.
CURRENT ULTRASOUND RANGING SYSTEMS
Most ultrasound ranging systems currently employ a s i n g l e a c o u s t i c t r a n s d u c e r t h a t a c t s as both a t r a n s m i t t e r and r e c e i v e r [SI. After the transmitted pulse encounters an object, an echo i s detected by t h e same t r a n s d u c e r a c t i n g a s a r e c e i v e r . An example o f a typical echo i s shown i n Fig. 1 . A conventional time-of-fliKht (TOF) system produces a range value corresponding to the time the echo amplitude exceeds a threshold l e v e l . T h i s i s shown t o o c c u r a t time t=to i n Fig. 1 . Time-controlled gain amplifiers are commonly employed t o compensate for the spreading l o s s due t o d i f f r a c t i o n and a t t e n u a t i o n i n a i r [SI. Hence, the reflection amplitude can be considered to be independent of range. mitted and the process i s repeated. When t h e transducer i s r o t a t e d a b o u t a s t a t i o n a r y p o i n t t o take TOF readings a t constant increments i n a n g l e , t h e r e s u l t i n g map i s c a l l e d a s e c t o r s c a n [51. An equivalent map i s produced when, i n s t e a d o f r o t a t i n g t h e t r a n s d u c e r , m u l t i p l e t r a n s d u c e r s mounted i n a r i n g are employed [ll.
PHYSICALLY-BASED MODEL OF THE REFLECTION PROCESS
I n t h i s s e c t i o n , we present a physically-based model t h a t describes t h e r e f l e c t i o n p r o c e s s from smooth planes t h a t a c t l i k e mirrors. Such s p e c u l a r r e f l e c t o r s a l l o w t h e t r a n s m i t t e r l r e c e i v e r t r a n s d u c e r t o be broken up i n t o a s e p a r a t e transmitter and a v i r t u a l r e c e i v e r .
W e then consider the s i g n a l s s c a t t e r e d f r o m t h e three components, corners. gdges and w_alls, t h a t populate our C m world. Walls are simple planes, while corners and edges are located a t t h e i n t e r s e c t i o n s o f p l a n e s , a s shown i n Corners are l i k e w a l l s i n t h a t they produce r e f l e c t i o n s , w h i l e edges produce diffracted s i g n a l s t h a t are detected a t t h e r e c e i v e r .
These two cases a r e treated s e p a r a t e l y . To determine the i n t e r a c t i o n , or a c o u s t i c s i n n a t u r e , of each of these elements, we consider the impulse response approach, i n which the s i g n a l produced by the t r a n s m i t t e r i s an impulsive plane wave and t h e response is t h e s i g n a l s c a t t e r e d by t h e element and detected a t t h e r e c e i v e r [61. The signals observed by a n a c t u a l t r a n s d u c e r are then e q u a l t o t h e convolution of t h i s impulse response and t h e pulse waveform, a n example of which was shown i n Fig. 1 .
Impulse responses of corners and
walls. The r e f l e c t e d s i g n a l s d e t e c t e d f r o m walls and corners are s p e c u l a r i n t h a t t h e angle of t h e r e f l e c t e d wave with r e s p e c t t o t h e normal i s e q u a l t o the a n g l e o f i n c i d e n t wave. Under t h i s condition, the t r a n s m i t t e r l r e c e i v e r TIR can be broken up i n t o a t r a n s m i t t i n g t r a n s d u c e r T and a v i r t u a l r e c e i v e r R ' , as shown i n F i g . t h e v i r t u a l r e c e i v e r w i t h r e s p e c t t o t h e t r a n s m i tter can be determined by t r a c i n g r a y s f r o m t h e edges of t h e transducer [61. For the plane, we define t h e d e v i a t i o n from normal incidence as t h e i n c l i n a t i o n a n n l e , d e n o t e d by 8. For the corner, 9 i s the angle of t h e l i n e from t h e c e n t e r o f t h e t r a n s d u c e r t o t h e p o i n t d e f i n i n g t h e corner with r e s p e c t t o t h e t r a n s d u c e r l i n e -o f -s i g h t .
For the c o r n e r , t h e i n c l i n a t i o n a n g l e o f t h e v i r t u a l r e c e i v e r has t h e same magnitude but t h e opposite s i g n o f t h a t f o r the plane.
In the impulse response formulation, the transmitted s i g n a l i s an impulsive plane wave. I n t h e d e t e c t i o n p r o c e s s , t h i s plane wave sweeps a c r o s s t h e r e c e i v e r a p e r t u r e .
A t normal i n c idence, o r 8=0, t h i s occurs instantaneously. For off-normal incidence, or 8#0, t h e time f o r the plane wave t o t r a v e r s e t h e a p e r t u r e i s f i n i t e and i n c r e a s e s w i t h the magnitude of 8. For a c i r c u l a r aperture, the impulse response, denoted by h ( t , z , a , 8 ) , h a s a closed analytic form
for -n/2<eQ~n/2. 9#0. and for 22-asin8 < t <2z+asinG
where a i s t h e r a d i u s o f t h e a p e r t u r e and 6 ( t ) i s t h e D i r a c d e l t a f u n c t i o n .
The cos8 term arises because the transducer is s e n s i t i v e o n l y t o t h e normally-incident pressure component.
From ( 2 ) , we note that the form of the response does not depend on the sign of the inclination angle 8. Since the model f o r t h e c o r n e r d i f f e r s from that of the wall i n only the sign of 8, t h e two cannot be differentiated from the reflected s i g n a l . T h i s i s t r u e when t h e t r a n s d u c e r a p e r t u r e is symmetric about the axis of rotation, as i s the c a s e f o r t h e c i r c u l a r a p e r t u r e ,
The consequence o f t h i s s t a t e m e n t i s i l l u s t r a t e d i n t h e s o n a r maps generated below. A method t o d i f f e r e n t i a t e w a l l s from corners by using two transducers i s described i n r e f e r e n c e [71.
By r e c i p r o c i t y , t h e t r a n s m i t t e r , when e x c i t e d by an impulse, also has the same impulse response as t h e r e c e i v e r .
Hence, the impulse response of t h e t r a n s m i t t e r / r e c e i v e r p a i r , h T I R ( t , z . a , 8 ) , i s equal to the convolution of the two impulse responses given in (21, o r from an edge i s more complicated that those from the wall and corner. The importance of the above result i s t h a t t h e impulse response is g i v e n i n a c l o s e d a n a l y t i c form t h a t c a n be e v a l u a t e d e f f i c i e n t l y .
When a plane wave i s i n c i d e n t on t h e l i n e d e f i n i n g t h e e d g e , t h e s i g n a l t h a t i s detected by t h e r e c e i v e r i s from t h e d i f f r a c t e d s i g n a l . T h i s s i g n a l i s a c y l i n d r i c a l wave t h a t a p p e a r s t o o r i g i n a t e a t t h e
The standard method f o r d o i n g t h i s employs t h e Huygen's principle argument of breaking the t r a n s m i t t e r and r e c e i v e r a p e r t u r e s i n t o small elements and computing the interacti between a l l p o s s i b l e p a i r s .
.on ImDulse resDonse of an edae.
The s i g n a l s c a t t e r e d 
s i d e n t i c a l t o t h a t f o r t h e wall and corner.
Generatina a TOF d o t . Equipped with the impulse responses described above, we can form a f l o o r plan comprised of these elements and situate a transducer a t any l o c a t i o n w i t h i n t h e i n t e r i o r space. The total response observed by t h e transducer i s t h e n e q u a l t o t h e sum of the responses of a l l the elements that are within the field-of-view of the transducer, equal to +_goo 75 w i t h r e s p e c t t o t h e l i n e -o f -s i g h t .
The procedure to generate a TOF range dot i n a sonar map i s i l l u s t r a t e d i n F i g . 6 . I n F i g . 6 , the transmit- while walls i n t h i s s p a c e must have a s e c t i o n t h a t is normally incident to the transducer. Each of t h e s e r e f l e c t i n g e l e m e n t s g e n e r a t e s its own impulse response, whose time p o s i t i o n i s determined by i t s range from the transducer and i t s amplitude i s determined by its angle of i n c l i n a t i o n 8. For an edge, t h e range also affects the amplitude of t h e r e f l e c t i o n , as given by ( 4 ) . The total impulse response i s simply t h e sum of these individual responses and i s shown i n F i g . 6. The waveform observed a t t h e o u t p u t o f t h e r e c e i v e r i s obtained by convolving the total impulse response w i t h t h e pulse waveform, The r e s u l t i s shown i n F i g . 6 . A TOF range value i s determined from the time t h a t t h e detected signal exceeds the threshold value, which i n the f i g u r e is set a t -60 dB r e l a t i v e t o t h e amplitude of a wall r e f l e c t i o n a t normal i n c idence. The TOF dot is placed a t the appropriate range along the transducer line-of-sight as shown i n F i g . 6 . I n t h e case shown i n t h e f i g u r e , t h e s i g n a l r e f l e c t e d from t h e corner, marked 5 , exceeds the threshold. By placing t h e dot along t h e line-of-sight, i t i s s i t u a t e d o u t s i d e t h e space of t h e floor plan. T h i s i l l u s t r a t e s t h e problems mentioned earlier:
1) there i s no p h y s i c a l o b j e c t a t the d o t l o c a t i o n , and 2 ) t h e wall marked 2, t h a t l i e s along the path, i s not detected.
It may be d e s i r a b l e t o move the transducer around t h e i n t e r i o r s p a c e , as w i t h a vehicular robot, o r t o examine the f l o o r p l a n f r o m d i f f e r e n t i n t e r i o r p o i n t s . To do t h i s e f f i c i e n t l y , we code t h e f l o o r p l a n i n terms of t h e elements t h a t are v i s i b l e from any i n t e r i o r p o i n t , as d e s c r i b e d i n t h e n e x t s e c t i o n . CODING THE FLOOR PLAN WITH VISIBELS
W e propose t o code t h e f l o o r p l a n t o i n d i c a t e which r e f l e c t i n g e l e m e n t s ( w a l l s , c o r n e r s and e d g e s ) a r e v i s i b l e from any i n t e r i o r p o s i t i o n . I n our coding procedure, t h e f l o o r p l a n i s repres e n t e d a s a two dimensional grid, each member o f which i s represented by a p o s i t i v e i n t e g e r , c a l l e d a v i s i b e l . Each b i t o f t h e integer corresponds t o a p a r t i c u l a r e l e m e n t i n the floor plan, and i s e q u a l t o 1, i f the element i s v i s i b l e by t h e transducer from t h a t p o s i t i o n i n t h e f l o o r p l a n , or i s e q u a l t o 0 otherwise. The members o f t h e g r i d on the boundary of t h e f l o o r plan, defined by t h e w a l l s e n c l o s i n g t h e i n t e r i o r s p a c e , a r e set t o -1.
The quality of being visible depends on the particular element.
A wall i s detected only by t h e r e f l e c t i o n t h a t bounces d i r e c t l y back t o the transducer. Hence, for a wall t o be v i s i b l e , t h e transducer location within t h e space must have an unobstructed line-of-sight t h a t is perpendicular to some s e c t i o n o f t h e wall. For corners and edges t o be v i s i b l e , t h e transducer must have an unobstructed line-of-sight to t h e p o i n t o f i n t e r s e c t i o n
between the p l a n e s d e f i n i n g t h e element. In CEW world, i t i s a n e d g e t h a t blocks t h e v i s i b i l i t y o f a n o t h e r e l e m e n t .
The values of a l l t h e v i s i b e l s c o v e r i n g t h e i n t e r i o r s p a c e are computed by exhaustively checking t h e v i s i b i l i t y o f each element a t every g r i d l o c a t i o n .
T h i s operation i s performed a s a n i n i t i a l i z a t i o n s t e p i n t h e simulation, immediately a f t e r t h e f l o o r p l a n i s s p e c i f i e d . The s i g n a l generation phase of t h e simulation i s then not burdened by determining the path of t h e r e f l e c t e d s i g n a l s .
A r e g i o n i n the f l o o r p l a n from which a p a r t i c u l a r element i s n o t v i s i b l e i s c a l l e d i t s shadow.
Examples of shadow regions are shown i n Fig. I. I n t h e shadow region of a particular element, the corresponding visibel b i t value i s zero.
Shadow r e g i o n s f o r a wall are produced by edges t h a t block the perpendicular projection.
Those f o r a edge and a corner are produced by other edges that o b s t r u c t t h e i r d i r e c t l i n e -o f -s i g h t by t h e transducer. The v i s i b l e r e g i o n f o r a wall i s found by p r o j e c t i n g i t i n t o t h e i n t e r i o r s p a c e a n d reducing the width of the projection monotonically a s a n o b s t r u c t i n g edge i s encountered. The boundary of the shadow r e g i o n f o r a corner i s defined by t h e line connecting t h e c o r n e r t o t h e blocking edge. Unlike a corner, which can be viewed from only one quadrant, an edge can be viewed from three. The shadow region for an edge i s most e a s i l y g e n e r a t e d by applying the corner shadow algorithm to the three quadrants of view. The shadow regions are determined by assuming the t r a n s d u c e r a p e r t u r e r a d i u s t o be zero. This i s r e a s o n a b l e i f t h e room dimensions are large compared t o t h o s e o f t h e t r a n s d u c e r , which i s almost always the case i n p r a c t i c e .
Having s e t t h e v a l u e s o f t h e v i s i b e l s , t h e transducer can be positioned anywhere i n t h e i n t e r i o r s p a c e a n d t h e sum of the impulse r e s p o n s e s f r o m a l l t h e v i s i b l e e l e m e n t s l y i n g within the transducer field-of-view contribute to t h e d e t e c t e d s i g n a l c a n be determined. In the next section, two examples of the sonar maps produced with our model will be presented.
SIMULATED SONAR MAPS
I n t h i s s e c t i o n , we present sonar maps t h a t were generated with our model. When we i n t r o d u c e t h e t r a n s d u c e r i n t o t h e CEW world, we o b t a i n t h e CEWT model. The parameters of the CEWT model a r e g i v e n i n Table 1 
To i n d i c a t e t h e f l e x i b i l i t y o f t h e m o d e l , we a l s o i l l u s t r a t e t h e e f f e c t o f v a r y i n g t h e t h r e s h o l d level.
Sonar maps were generated with the t h r e s h o l d l e v e l s e t a t -20 dB, r e l a t i v e t o t h e amplitude observed from a normally incident wall. These are compared t o s o n a r maps having the more s e n s i t i v e t h r e s h o l d v a l u e e q u a l t o -40 dB. Most current sonar systems operate between these two values.
A f l o o r p l a n i s s p e c i f i e d by placing corners, walls and edges a t a set o f l o c a t i o n s i n t h e g r i d defining the space, and the sonar map i s generated by r o t a t i n g t h e t r a n s d u c e r i n a complete circle and t a k i n g TOF readings every 2' . W e consider two floor plans, designated CEWO and CEW1. CEWO i s t h e s i m p l e c a s e t h a t s e r v e s t o i l l u s t r a t e t h e s t e p s i n s o n a r map generation and i s compared t o a n a c t u a l s o n a r map. CEWl i s more complicated and illustrates some of t h e s u b t l e f e a t u r e s o f sonar map i n t e r p r e t a t i o n . Figure I . Shadows f o r w a l l W , corner C and edge E.
CEWO Map. The CEWO sonar map i s shown i n Fig. 8 . The d a s h e d l i n e s i n d i c a t e t h e t r u e f l o o r p l a n and t h e t r a n s d u c e r l r e c e i v e r l o c a t i o n is denoted by t h e dot T/R near the center of the space.
To v e r i f y the simulation model, actual sonar maps produced with the Polaroid sensor and using threshold v a l u e s o f -20 dB and -39 dB are shown i n Fig. 9 .
The following points from the sonar maps are noteworthy:
1) The equivalence of a wall and corner i s evident from the identical TOF dot patterns that each produces.
2) The beam width of the transducer can be defined as t h e r a n g e o f i n c l i n a t i o n a n g l e s o v e r which a r e f l e c t i n g e l e m e n t g e n e r a t e s a s i g n a l above t h e t h r e s h o l d l e v e l .
Note t h a t t h e beam width a t t h e -20 dB t h r e s h o l d l e v e l i s 26' a n d i n c r e a s e s t o 512' a t t h e -40 dB l e v e l . Hence, t h e r e i s a tradeoff between resolution (beam width) and s e n s i t i v i t y ( t h r e s h o l d l e v e l ) .
3) The edge i s n o t v i s i b l e a t t h e -20 dB threshold l e v e l , b u t becomes v i s i b l e a t the more s e n s i t i v e -40 dB t h r e s h o l d l e v e l .
I n a d d i t i o n t o t h e p a t t e r n s p r e d i c t e d
by t h e model, the actual sonar map a l s o shows t h e p r e s e n c e o f m u l t i p l e r e f l e c t i o n a r t i f a c t s t 5 1 , labeled m n i n Fig. 9 .
The d a s h e d l i n e i n Fig. 9 shows t h e p a t h o f t h e s i g n a l t h a t i s d e f l e c t e d by t h e wall and r e f l e c t e d by t h e c o r n e r , to produce the topmost m.r. a r t i f a c t . The dot produced by t h e d e t e c t e d s i g n a l is, of course, placed at the appropriate range along the transducer line-of-sight, thus indicating a s t r u c t u r e where none a c t u a l l y e x i s t s . A d d i t i o n a l m u l t i p l e r e f l e c t i o n a r t i f a c t s a l s o e x i s t , b u t are not shown i n t h e f i g u r e b e c a u s e t h e y l i e a t ranges t h a t exceed the capacity of our analog-to-digital converter memoay. These a r t i f a c t s a r e n o t generated by our model, which considers only p r i m a r y r e f l e c t i o n s , s i n c e t h e i r i n c l u s i o n would greatly complicate the model.
Our model does, however, a c c u r a t e l y p r e d i c t t h e b e h a v i o r o f t h e p r i m a r y r e f l e c t o r s , when they are detected. The r e s u l t s o f s c a n n i n g CEWl are shown i n F i g . 1 0 .
The same observations made above are a l s o t r u e h e r e , b u t a n a d d i t i o n a l effect i s a l s o e v i d e n t h e r e .
The TOF system returns the range o f t h e first d e t e c t e d s i g n a l t h a t e x c e e d s t h e t h r e s h o l d l e v e l .
Hence, i t is p o s s i b l e t h a t much l a r g e r reflected s i g n a l s o c c u r r i n g a t l a t e r times are n o t d e t e c t e d . T h i s r e s u l t s i s a s h i e l d i n g o f some o f t h e more remote elements by those more proximal. These are i l l u s t r a t e d by t h e r e f l e c t i o n s from corner i n t h e l o w e r l e f t o f t h e CEWl f l o o r p l a n , t h a t i s shielded temporarily by the edge lying between i t and t h e transducer.
Because the amplitude of a r e f l e c t i o n d e c r e a s e s as t h e t r a n s d u c e r i s r o t a t e d away f r o m t h e r e f l e c t i n g element, the edge dots disappear and the corner dots reappear. These corner dots are i s o l a t e d a n d can be i n t e r p r e t e d a s r e p r e s e n t i n g a n o t h e r element. This illustrates the confusion w i t h the c u r r e n t i n t e r p r e t a t i o n o f s o n a r maps.
SUMMARY AND CONCLUSIONS
This paper has described a simulation model f o r generating sonar maps t h a t i s based on t h e p h y s i c a l p r i n c i p l e s o f sound propagation. The simulation considered a simple world model populated by r e f l e c t i n g e l e m e n t s c o n s i s t i n g o f corners, edges or walls, and the time-of-flight (TOF) system for range detection.
An impulse response formulation was employed to determine the TOF reading when m u l t i p l e r e f l e c t i n g e l e m e n t s are i n t h e t r a n s d u c e r f i e l d -o f -v i e w .
To make t h i s d e t e r m i n a t i o n e f f i c i e n t , t h e f l o o r p l a n was coded i n terms o f v i s i b e l s . t h a t i n d i c a t e which elements are c a n d i d a t e s f o r p r o d u c i n g r e f l e c t i o n s .
The sonar maps o f two f l o o r p l a n s were g e n e r a t e d t o i l l u s t r a t e t h e s u b t l e f e a t u r e s i n s o n a r map i n t e r p r e t a t i o n . Comparisons with actual sonar maps v e r i f i e d t h e v a l i d i t y o f t h e model. The i n t e r e s t i n g p o i n t s b r o u g h t o u t by t h e model include : 1) From a s i n n l e reflected s i g n a l . i t i s imposs i b l e t o d i f f e r e n t i a t e c o r n e r s , e d g e s a n d w a l l s , s i n c e t h e f o r m s o f t h e i r i m p u l s e r e s p o n s e s are i d e n t i c a l .
2) Using the signals from a s e c t o r s c a n , time-off l i g h t d o t s form a r c s i n t h e map, s i n c e t h e d o t i s placed along the transducer line-of-sight, while t h e d i s t a n c e f r o m t h e t r a n s d u c e r t o t h e r e f l e c t i n g element i s constant. The l e n g t h o f t h e a r c c o r r e s p o n d s t o t h e e f f e c t i v e beam width and i n c r e a s e s as t h e t h r e s h o l d l e v e l d e c r e a s e s . A t t h e most s e n s i t i v e t h r e s h o l d l e v e l c o n s i d e r e d (-40 dB relative to the amplitude observed from a normally incident wall), t h e e l e m e n t s t h a t a r e c l o s e t o t h e t r a n s d u c e r c a n s h i e l d t h o s e a t further ranges and cause confusion i n t h e i n t e rp r e t a t i o n o f t h e s o n a r map.
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